Periodontitis has been advocated as a systematic chronic low-grade infection burden. However, the relationship between periodontitis and bone defect healing has not been elucidated. One hundred and eight male Wister rats were randomly assigned into three groups: control (healthy) group, periodontitis group, and periodontitis plus human tumor necrosis factor receptorII:IgG Fc fusion protein (rhTNFR:Fc) group. The experimental periodontitis model was established by ligaturing with orthodontic wire and silk suture plus local administration of 20 μl of lipopolysaccharide (LPS). Mandibular bone defects in size of 4 × 2 × 1 mm were created for all the rats and rhTNFR:Fc subcutaneously injected at neck at a dose of 2.5 mg/kg every 3 days for the periodontitis plus rhTNFR:Fc group. The gene and protein expressions of bone-related markers in the healing tissue were monitored and new bone formation was histologically evaluated. Tartrate-resistant acid phosphatase (TRAP) staining was performed to determine the number of osteoclasts. The results showed that the mRNA and protein expressions of osteogenesis-related markers were significantly lower while nuclear factor of activated T cells, cytoplasmic 1 (NFATc1) gene expression was significantly higher in the periodontitis group. The periodontitis group showed decreased new bone formation and increased number of osteoclasts when compared to the control group. However, there was no significant difference between the periodontitis plus rhTNFR:Fc group and the control group. These results demonstrated that periodontitis may restrain the mandibular bone healing via disturbing osteogenic and osteoclastic balance in which tumor necrosis factor-α (TNF-α) could act as a leverage.
INTRODUCTION
Periodontitis is an infectious disease characterized by periodontal pocket formation, attachment loss, and alveolar bone resorption. Besides the direct damage to the soft and hard periodontal tissues, periodontitis is also related to many systemic diseases, such as diabetes, complications in pregnancy, and cardiovascular disease (CVD) [1] [2] [3] . Bacteria and plaque are the initiating factors for periodontitis, which contributes to the periodontal inflammatory infiltration. During the routine activities such as chewing, brushing, and clinical treatment, periodontal pathogens and their metabolites can invade into the blood circulation and lead to the high expression of acute phase proteins and cytokines such as C-reactive protein (C RP), interleukin-6 (IL-6), and TNF-α [4] . A number of studies showed that inflammatory cytokines, such as TNF-α, interleukin-1β (IL-1β), and IL-6 can be detected in periodontal tissue, gingival crevicular fluid, and even in peripheral blood [5, 6] . These inflammatory factors may affect the development of some systemic diseases; thus many scholars call periodontitis as a systematic chronic low-grade infection burden [7, 8] .
Trauma, tumor excision, and congenital deformity all contribute to jaw defect; thus, the repair of over critical size of bone defect has been a major challenge for oral and maxillofacial surgeons. Bone defect healing is a complex of osteogenetic and osteoclastic integration and can be influenced by many factors, such as inflammatory cytokines, growth factors, and mesenchymal stem cells [9, 10] . Studies including those from our research team have showed that inflammatory mediators such as TNF-α, restrained osteoblastic differentiation, decreased cell proliferation, and reduced the synthesis of extracellular matrix [10] [11] [12] [13] . High levels of TNF-α resulted from chronic inflammation have a negative impact on fracture healing [14] . In the terminal remodeling phase of fracture healing, high expression of TNF-α and IL-1 activates osteoclasts which degrade the trabecular bone [15] . Inflammatory diseases not only increase the risk of bone fracture, but may also impair fracture repair and the delaying of healing process may lead to non-unions [16] . As an inflammatory disease, periodontitis can also result in high level of several inflammatory cytokines in periodontal pockets and peripheral blood, and among them TNF-α is the most important [5, 6] . However, whether there is an adverse influence of periodontitis on bone defect healing has not been reported yet. Therefore, the purpose of our study was to investigate the influence of periodontitis on the mandibular bone regeneration in rats.
MATERIALS AND METHODS

Establishment of an Experimental Periodontitis Model
After 3 days of acclimation, 20 male Wister rats (6-8-week-old, 220~250 g) were anesthetized by intraperitoneal injection of pentobarbital (40 mg/kg). Then, orthodontic ligature and 3-0 silk suture were placed around the necks of bilateral upper first molars and 20 μl of LPS (2.0 mg/ ml) was administered into the palatal and buccal gingival sulcus using microinjector once every 3 days for 2 weeks. High-sugar (10% sucrose solution) diets were given.
Five rats were respectively sacrificed with an overdose anesthetic at 1, 2, 3, and 4 weeks after ligature placement. Bilateral maxillary specimens with teeth and periodontal tissues were collected. One side of the maxillary was routinely fixed, decalcified, dehydrated, embedded, and cut into 4-μm-thick serial sections (mesial-distal direction) for hematoxylin and eosin staining (HE, Solarbio, Beijing, China). For the other side, soft tissues were carefully removed and the maxillary specimens were scanned with Stereomicroscope (Olympus, SZX16, Japan). Alveolar bone loss was estimated by measuring the distance between the cemento-enamel junction (CEJ) and the alveolar bone crest (ABC) of each root surface for the first and second molars separately using software Image J (version 1.47, NIH, USA). Taking measures at mesial, middle and distal sites for buccal and palatal side of each molar respectively, totalling the bone losses of each root, as previously described [17] .
Blood samples were also collected (3-4 ml for each animal) from the abdominal aorta and the serum concentration of TNF-α was detected using the rat TNF-alpha ELISA Kit (Multi Sciences, China) according to the protocols provided by the manufacturers. The absorbance values were measured with Microplate Reader (Thermo Scientific, USA) in 450 nm wavelength.
Establishment of the Mandibular Bone Defect Model
Another 108 male Wister rats (6-8-week-old, 220~250 g) were randomly assigned into three groups: (1) control group, in which mandibular defects were established in rats with healthy periodontal tissue; (2) periodontitis group, in which mandibular defects were established in rats with induced periodontitis; and (3) periodontitis plus rhTNFR:Fc group, in which the rats with induced periodontitis were treated with rhTNFR:Fc and then mandibular defects were established. Bone defects, 4 × 2 × 1 mm in rectangle, were created over the mesial root of the left mandibular first molar by using a dental drill under continuous irrigation with saline [18] . For rats in the periodontitis plus rhTNFR:Fc group, rhTNFR:Fc at a dose of 2.5 mg/kg was subcutaneously injected at neck every 3 days until the animals were sacrificed. Sterile saline were injected for substitution in other groups. At 1, 2, 4, and 8 weeks after the surgery, rats were sacrificed and the mandibles were isolated for further analysis.
All animals used in this study were obtained from the Laboratory Animal Service Centre of Shandong University in Jinan, Shandong Province, China. All surgeries were performed according to a protocol approved by the Institutional Animal Care Committee.
Serological Detection for TNF-α
Blood samples were collected (3-4 ml for each animal) from the abdominal aorta with vacuum blood collection tube and coagulated on ice for 30 min. Then, the serum was isolated following refrigerated centrifugation at 4°C for 5 min at 3000 rpm. Rat TNF-alpha ELISA Kit (Multi Sciences, China) was used for TNF-α concentration detecting. Absorbance values were measured in 450 nm wavelength as described above.
Histomorphometric Analysis
Mandibular bone was excised carefully and 4-μm-thick serial sections in the buccal-lingual direction were obtained for HE staining. Images were taken with an Olympus microscope (Olympus, Tokyo, Japan). The newly formed bone area was expressed as a percentage (area of newly formed bone/area of original defect ×100%) and was measured with the Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA). Double-blinded method was implemented.
Real-Time PCR Analysis
Bone tissues bordering the defect area (about 5 × 3 mm) were dissected from the mandible, snap-frozen, and ground in liquid nitrogen. Total RNA was extracted from the ground bone tissues with Trizol reagent (Thermo Scientific, USA) and reversely transcribed using the PrimerScript RT Reagent Kit with gDNA Eraser (TaKaRa, Shijodori ToKyo, Japan). Real-time PCR was performed using the SYBR® Premix Ex TaqTM Kit (TaKaRa, Shijodori Tokyo, Japan). Osteogenesisrelated mRNA, such as ALP, BMP2, Runx2, OCN, and osteoclastogenesis-related NFATc1 were detected. mRNA expression was normalized to the GAPDH housekeeping gene by the 2 −ΔΔCT method. All measurements were repeated at least three times. The sequences of the primers for amplification of rat ALP, 
Forward: 5'-TTGGATTCTGACGAGCTGTG-3' Reverse:
5'-GTGCAGCTGGATCAAGAACA-3' GAPDH Forward: 5'-ATGATTCTACCCACGGCAAG-3' Reverse:
5'-CTGGAAGATGGTGATGGGTT-3' BMP2, Runx2, OCN, NFATc1, and GAPDH are shown in Table 1 .
Western Blot Analysis
Fresh rat mandibular specimens bordering the defect area were removed from sacrificed animals and total protein was extracted. Aliquots of 10 μl total proteins in each specimen were applied to 8-12% N u PA G E B i s -Tr i s g r a d i e n t g e l s a n d t h e n electrotransferred onto Invitrolon polyvinylidene fluoride membranes (Thermo Scientific, USA). Antibodies for Runx2 (1:2000 dilution, Abcam, Cambridge, MA), OCN (1:2500 dilution, Abcam, Cambridge, MA), and β-actin (1:2000 dilution, ZSGB-BIO, Beijing, China) were used. Horseradish peroxidase-(HRP-) linked goat anti-mouse IgG (1:5000 dilution, ZSGB-BIO, Beijing, China) was used as secondary antibody. Blots were visualized using ECL chemiluminescence reagents from Pierce Biotechnology (Rockford, IL, USA). Images of blots were analyzed using AlphaView SA Fig. 1 . Periodontitis model was successfully induced via ligature ligaturing plus LPS injection for 2 weeks. a HE staining for maxillary alveolar bone loss in experimental rats at time points of 1w, 2w, 3w, and 4w (a the buccal side; b the palatal side). bObservations of alveolar bone loss under stereomicroscope at time points of 1w, 2w, 3w, and 4w. c Statistical analysis of the distance between CEJ and ABC at different points, the first molar and the second molar were measured, respectively. d Serum TNF-α concentration changing with time after ligaturing plus LPS injection. Scale bars, 1 mm; *P < 0.05, **P < 0.01, versus 1w group.
(Proteinsimple, USA) and β-actin was used as an internal control.
Immunohistochemical Staining (IHC Staining)
For IHC analysis, mouse monoclonal antiRunx2 (1:200 dilution, Abcam, Cambridge, MA) and mouse monoclonal anti-OCN (1:600 dilution, Abcam, Cambridge, MA) were used as primary antibodies. SPlink Detection Kit (BiotinStreptavidin HRP Detection Systems, ZSGB-BIO, Beijing, China) was used for second antibody. Diaminobenzidine (DAB, ZSGB-BIO, Beijing, China) was introduced for immunohistochemical staining and cell nuclei were stained with hematoxylin. Pictures were conducted with an Olympus microscope. The number of Runx2 positive cells and the integrated optical densities (IOD) of OCN were determined respectively by the Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA).
Control sections were incubated with normal mouse serum instead of the primary antibodies. For each sample, three different sections were selected at the mesial, middle and distal part of the bone defect. For each section, measurement was repeated for three times in the same area.
Tartrate-Resistant Acid Phosphatase (TRAP) Staining
The Acid Phosphatase Leukocyte (TRAP) Kit (SigmaAldrich, Saint Louis, MO) was used for TRAP staining. Slices in 4-μm-thick were deparaffined and incubated at 37°C for 30 min in AS-BI phosphate in acetate-tartrate buffer (2 ml sodium acetate mixed with 1 ml potassium sodium tartrate, PH 5.2). The slides were then transferred into sodium nitrite solution (1:1 v/v) in prewarmed tartrate-acetate buffer and incubated for 60 min at 37°C. The cell nuclei were stained with hematoxylin. Stained sections were observed by using Olympus microscope and the number of TRAP positive cells was analyzed to evaluate osteoclastogenesis in bone defect healing.
Statistical Analysis
Statistical analyses were performed by SPSS19.0 statistical analysis software (SPSS Inc., Chicago, IL, USA). Student's t test was used for comparisons between two groups and one-way ANOVA test was used for multiple group comparison. A p value less than 0.05 was considered statistically significant.
RESULTS
Periodontitis Was Successfully Established via Orthodontic Ligature Ligaturing plus LPS Injection Around Maxillary First Molar for 2 Weeks in Rats
There were obvious epithelial cells erosion and alveolar bone loss presented in the first and second molars 2 weeks after the ligation plus LPS injection when compared to 1 week group. However, no obvious pathological difference was found among the week 2, 3, and 4 (Fig. 1a) . Direct measure of distance between CEJ and ABC showed that it was 1.159 ± 0.085 mm in the first molar and 0.671 ± 0.056 mm in the second molar 2 weeks after inducement, which was significantly higher than that at 1 week. But there was no significant difference among the groups of 2, 3, and 4 weeks (Fig. 1b, c) .
Blood samples analysis indicated that there was a significant increase of TNF-α level in the serum after ligaturing at week 2 (70.78 ± 5.61 pg/ml) when compared with 1 week group (25.58 ± 3.42 pg/ml), but no significant difference was revealed among 2, 3, 4 weeks groups (Fig. 1d) . Fig. 2 . Serum TNF-α concentration for the three groups after surgery. *P < 0.05, **P < 0.01, versus the control group. # P < 0.05, the periodontitis plus rhTNFR:Fc group compared with the periodontitis group.
Induced Periodontitis Increased Serum TNF-α Level While rhTNFR:Fc Injection Inhibited Elevation of TNF-α Level
An significantly increased TNF-α expression presented at 1, 2, 4, and 8 weeks in the periodontitis group compared with the control group, while there was a significantly decreased expression of TNF-α in the periodontitis plus rhTNFR:Fc group (at 1, 2, and 4 weeks) when compared with the periodontitis group (Fig. 2) . Fig. 3 . Mandibular bone regeneration was significantly retarded in periodontitis rats. a HE staining for new bone tissue at 1, 2, 4, and 8 weeks. b Statistical analysis of the newly formed bone tissue among the three groups. Scale bars, 50 μm; *P < 0.05, **P < 0.01, versus the control group.
Induced Periodontitis Retarded Bone Regeneration of the Mandibular Bone Defect While rhTNFR:Fc Injection Counteracted Such Effects of Periodontitis
New bone tissues could be observed in all specimens from the three groups at 1 week after surgery, but there was no significant difference of the newly formed bone area among these groups. At 2 and 4 weeks after the surgery, the newly formed bone area was significantly lower in the periodontitis group than in the control group. However, no significant difference of the newly formed bone area between the control group and the periodontitis plus rhTNFR:Fc group was detected. Eight weeks after surgery, mandibular bone defects were almost completely repaired by the newly regenerated bone tissue in all groups, and no significant difference was detected among the three groups (Fig. 3) .
Induced Periodontitis Decreased Osteogenesis-Related Gene Expression and Increased OsteoclastogenesisRelated Gene Expression in the Healing Tissue of Mandibular Bone Defects While rhTNFR:Fc Injection Antagonized Such Effects of Periodontitis
Compared with the control group, there were significantly lower expressions of osteogenesis-related genes such as ALP, BMP2 (at 1, 2, and 4 weeks), Runx2, and OCN (at 1, 2, 4, and 8 weeks) and significantly higher expression of NFATcl (at 1, 2, and 4 weeks) in the periodontitis group. However, the mRNA levels of the above-mentioned genes had no significant difference between the control group and the periodontitis plus rhTNFR:Fc group (Fig. 4) . Fig. 4 . Expression levels of osteogenesis-and osteoclastogenesis-related genes in the newly formed mandibular bone in rats. mRNA expressions of osteogenesis-related genes, ALP (a), BMP2 (b), Runx2 (c), and OCN (d) decreased significantly in the periodontitis group while the NFATc1 (e) mRNA level increased significantly in the periodontitis group when compared to the control group. There was no significant difference between the control group and the periodontitis plus rhTNFR:Fc group. Three independent measurements were conducted in triplicate, and data were represented as mean ± SD. *P < 0.05, **P < 0.01, versus the control group.
Induced Periodontitis Inhibited Osteogenesis-Related Protein Expression and Increased TRAP+ Osteoclasts in the Healing Tissue of Mandibular Bone Defects While rhTNFR:Fc Injection Neutralized Such Effects of Periodontitis
Western blot analysis showed that the protein levels of Runx2 at 1, 2, and 4 weeks (Fig. 5a, b ) and OCN at 2 and 4 weeks (Fig. 5a,c) were significantly lower in the periodontitis group than in the control group. However, no significant difference of the protein levels of Runx2 and OCN (except for OCN at 4 weeks) were detected between the periodontits plus rhTNFR:Fc group and the control group (Fig. 5a-c) .
Immunohistochemical staining revealed that Runx2 positive cells with brown-stained nuclei at 1, 2, and 4 weeks (Fig. 6a, c) and OCN protein expression at 2 and 4 weeks (Fig. 6b, d ) were significantly decreased in the periodontitis group than in the control group. For comparison of Runx2 and OCN between the control group and the periodontitis plus rhTNFR:Fc group, no significant difference was found. TRAP staining uncovered that there were more TRAP+ osteoclasts in the bone defect area at week 1 and 2 in the periodontitis group compared with the control group. There was no significant difference of TRAP+ osteoclast number between the control group and the periodontitis plus rhTNFR:Fc group (Fig. 7) .
DISCUSSION
Periodontitis can lead to high expression of inflammatory cytokines including TNF-α in periodontal pockets and peripheral blood [5, 6] , while inflammatory mediators Three independent measurements were performed in triplicate, and data was represented as mean ± SD. *P < 0.05, **P < 0.01, versus the control group. could exert negative influence on proliferation and differentiation of bone marrow stromal cells (BMSCs) and osteoblasts [10] [11] [12] [13] . To our limited knowledge, the present study first showed that periodontitis inhibited the mandibular bone healing via disturbing osteogenic and osteoclastic balance and rhTNFR:Fc antagonized adverse effect of periodontitis.
Trauma, tumor excision and congenital deformity all contribute to jaw defect, thus, the regeneration of over critical size bone defect has been a major challenge for oral and maxillofacial surgeons. Although there was study showing that the inflammatory diseases could prohibit bone fracture healing, as a more common inflammatory disease the adverse effect of periodontitis on bone regeneration deserves to be elucidated. In this experiment, mandibular bone defect was created in experimental periodontitis rats and the effect of periodontitis on expressions of bone-related markers and bone regeneration was evaluated. Real-time PCR analysis indicated that osteogenesis-related mRNA such as ALP, BMP2, Runx2, and OCN were significantly restrained while the expression level of osteoclastogenesis-related gene NFATcl was significantly increased in the bone Fig. 7 . Influence of periodontitis on osteoclastogenesis in mandibular defect healing in rats. a TRAP staining for osteoclasts at 1, 2, 4, and 8 weeks. Cells with three or more nuclei and red-stained were defined as TRAP+ cells and thought to be osteoclasts. b Quantitative analysis of TRAP+ cells among the three groups. Arrow, TRAP+ cells with three or more nuclei; scale bars, 50 μm; *P < 0.05, **P < 0.01, versus the control group defect healing tissue in the periodontitis group. Western blot analysis and immunohistochemical staining also announced that protein expressions of Runx2 and OCN were significantly lower in the periodontitis group than in the control group. Histomorphometric analysis and TRAP staining respectively confirmed that periodontitis significantly inhibited bone regeneration and increased the numbers of TRAP-positive osteoclasts. These results clearly demonstrated that periodontitis could inhibit the mandibular bone healing via disturbing osteogenic and osteoclastic balance that was restraining osteogenic activity and enhancing osteoclastogenic differentiation.
Periodontitis, initiated by oral bacteria, elicits local inflammatory responses and leads to bleeding on probing, loss of periodontal attachment, bone resorption, and tooth loss. Locally secreted cytokines and periodontal pathogens can enter into the peripheral blood, leading to increase of pro-inflammatory cytokines in serum and contribute to damage in the body [19] . Among multiple proinflammatory cytokines, such as TNF-α, IL-1, IL-6, IL-11, and IL-17, associated with the pathogenesis of periodontitis, TNF-α is particularly studied due to its positive effects on osteoclastgenesis and negative effects on osteoblastgenesis [20] . There was also an increased TNF-α expression in the course of periodontitis [5, 6] . TNF-α antagonists have been demonstrated to exert potential anti-inflammatory effect for periodontitis. Goncalves et al. reported that Infliximab, one of TNF-α antagonists, could attenuate inflammatory osteolysis in a periodontitis rat model: reducing granulocyte blood counts and gingival IL-1β and TNF-α levels; inhibiting matrix metalloproteinase-1/-8 (MMP-1/-8), receptor activator of nuclear factor КB (RANK), and receptor activator of nuclear factor КB ligand (RANK-L) expressions in alveolar bone [21] . Paola et al discovered that etanercept, a dimeric, soluble form of the 75-kDa TNF receptor, reduced the development of inflammation and tissue injury associated with periodontitis in rats: reducing the degree of TNF-α and inducible nitric oxide synthase (iNOS) expression, neutrophils infiltration, apoptosis, and bone resorption aggravated by periodontitis [22] . rhTNFR:Fc, a competitor of TNF-α, can bind to TNF-α receptor on cell surface to block its activity. It has been widely used in immune diseases induced by abnormal secretion of TNF-α, such as rheumatoid arthritis (RA), ankylosing spondylitis, Crohn disease, etc. [23] [24] [25] . In the present study, rhTNFR:Fc subcutaneous injection significantly decreased serum TNF-α concentration elevated by periodontitis and antagonized the adverse effect of periodontitis on osteogenesis-osteoclastogenesis coordination and bone defect healing, suggesting that TNF-α may be a key factor which not only participates in the pathogenesis of periodontitis, but also mediates the negative effect of periodontitis on bone defect healing.
Previous study indicated that TNF-α activated NF-кB signaling and suppressed EphB4 expression in MC3T3-E1 cells and NF-кB inhibitor reversed TNF-α-induced EphB4 down-regulation. TNF-α declined the osteogenic differentiation capacity of osteoblasts by activating NF-кB signaling pathway which further inhibited EphB4 signaling in osteoblasts [26] . The downregulated expressions of EphB4 significantly inhibited osteogenic activity, enhanced osteoclastogenic differentiation, and retarded bone regeneration in an inflammatory microenvironment established by intraperitoneal TNF-α injections [27] . The present experiment further suggested that TNF-α played a key role in inhibiting osteogenic differentiation under periodontitis environment; however, the underlying mechanisms by which TNF-α disturbing osteogenic and osteoclastic balance under the condition of periodontitis and the role of other pro-inflammatory cytokines in this process need further research.
In conclusion, periodontitis could elevate serum level of pro-inflammatory cytokines and inhibit the mandibular bone healing via disturbing osteogenic and osteoclastic balance. TNF-α is a key factor which mediates the negative effect of periodontitis on bone defect healing. 
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